Experiments have shown that the canonical AUCG genetic alphabet is not the only possible nucleotide alphabet. In this work we address the question 'is the canonical alphabet optimal?' We make the assumption that the genetic alphabet was determined in the RNA world. Computational tools are used to infer the RNA secondary structure (shape) from a given RNA sequence, and statistics from RNA shapes are gathered with respect to alphabet size. Then, simulations based upon the replication and selection of fixed-sized RNA populations are used to investigate the effect of alternative alphabets upon RNA's ability to step through a fitness landscape. These results show that for a low copy fidelity the canonical alphabet is fitter than two-, six-and eight-letter alphabets. In higher copy-fidelity experiments, six-letter alphabets outperform the four-letter alphabets, suggesting that the canonical alphabet is indeed a relic of the RNA world.
INTRODUCTION
For current models of the origin of modern life an obligatory step is an RNA world (Gesteland et al. 1999) . This is a point in time when RNA was the predominant biomolecule and served both as the carrier of genetic information and as the primary catalyst for metabolism. These days coding is predominantly carried out by DNA, and metabolic processes by proteins. However, several key roles are still performed by RNAs, leading to the suggestion that some coding and metabolic aspects of current living systems are relicts of the RNA world (Szathmáry 1992; Poole et al. 1998; Jeffares et al. 1998) .
In the RNA world the genotype and the phenotype are expressed in the same molecule. The genotype refers to the sequence of nucleotides within the molecule and the phenotype can be viewed as the specific three-dimensional conformation of the catalytically active functional RNA (fRNA). As a result, the 'fitness' of a ribo-organism can be inferred from the phenotype (Higgs 2000; Joyce 2000) . In the case of RNA, the stabilizing forces conferred by the formation of a secondary structure are much greater than those conferred by the rearrangement of secondary structural elements in three-dimensional space (Grü ner et al. 1996) . This fact is supported by the well-documented secondary-structure conservation in fRNAs (Sankoff et al. 1978; Hofacker et al. 1998; Eddy 1999; Parsch et al. 2000) . Thus, primary to secondary structure mappings are relevant for studies of evolution in the RNA world. However, an RNA can fold into many near-optimal secondary structures (Zuker 2000; Higgs 2000) . In other words, the genotype does not specify a unique phenotype. Part of our study is to find the conditions under which RNA sequences are expected to fold into a small number of stable structures without the assistance of chaperones.
Based on our current knowledge, an RNA world would have been dominated by four coding nucleotides-the two pairs A : U and C : G (although other ribonucleotides may have also been involved as cofactors in catalysis; White 1976) . A natural series of questions relevant to understanding the RNA world include the following.
(i) Are two pairs of nucleotides optimal? (ii) Is there an advantage of a four-nucleotide system over two nucleotides (one pair, either A : U or C : G)? (iii) If four is better than two, then is six better than four, and eight better than six?
Some researchers have used tools from organic chemistry to investigate the properties of non-canonical RNA systems (here we will refer to the AUCG alphabet as canonical and to the alternatives as non-canonical) such as those with differing nucleotide bases and alternative sugar groups (Rich 1962; Switzer et al. 1989; Piccirilli et al. 1990; Bain et al. 1992; Eschenmoser 1999) . Computational experiments have been used to compare noncanonical RNA systems (Szathmáry 1991 (Szathmáry , 1992 Grü ner et al. 1996) . Szathmáry (1991 Szathmáry ( , 1992 in particular has posed the question 'what is the optimal size for the genetic alphabet?' He concludes that the four-letter genetic alphabet is a 'frozen evolutionary optimum' that was determined in the RNA world. More recently Mac Dó naill (2002) investigated the optimality of the nucleotide alphabet in terms of error minimization using informatic techniques; he concluded that the canonical alphabet is one of the 'better' possibilities. We explore this question further in the context of maps from RNA primary structure to RNA secondary structure and from RNA secondary structure to ribo-organism fitness.
In particular, we consider two new approaches to exploring the implications of different alphabet sizes. First, we investigate the average properties of secondary structures derived from both canonical and non-canonical RNAs, and, second, we study how random structures evolve towards some predefined structures for each of the alternative alphabet sizes. From the first investigation we discovered that, while different alphabets lead to secondary structures that have very different properties, beyond some obvious conclusions, it is difficult to determine exactly which of these properties would have been optimal for the RNA world. However, using a 'flow-reactor' simulation (Fontana & Schuster 1998 ) inspired by systematic evolution of ligands by exponential amplification (SELEX) experiments (Tuerk & Gold 1990) , we show that in the RNA world the canonical four-letter (two base pair) alphabet outperforms the non-canonical alphabets under several sets of evolutionary conditions.
STATISTICAL MEASURES OF THE RNA SECONDARY STRUCTURE
We study the statistical properties of the 'molecular morphospace' (Schultes et al. 1999 ) of random RNA with respect to alphabet size. We use a modified distribution of Vienna v. 1.4, in particular the dynamic programming algorithm, RNAfold (available from www.tbi.univie.ac.at/ ෂivo/RNA/). This program uses empirically derived energy values to infer a minimum free-energy secondary structure from a single RNA sequence (Hofacker et al. 1994) . Note that, while RNAfold may not always predict the 'exact' biological RNA secondary structure (Zuker 2000) , we are interested in only the average behaviour of different RNA coding regimes, and, therefore, any inaccuracies inherent in this method are not expected to have a significant effect upon our results (Moulton et al. 2000a) . Another important point is that using statistical measures to discriminate between different alphabet sizes is generally 'easier' than discriminating between evolved and random sequences, at least for the canonical alphabet (Rivas & Eddy 2000; Schattner 2002 ). Hence, for this work, fruitful results may be obtained by studying random sequences.
A feature of RNAfold that we exploit throughout this paper is that it allows the prediction of secondary structures for sequences generated from artificial alphabets; ABCD… (where A pairs B, C pairs D, and so on). We restrict our attention to alphabets with two, four, six and eight letters since, as discussed in Szathmáry (1992) , there are only 2 3 = 8 unique hydrogen-donor/acceptor configurations between any two complementary nucleotides and a nucleotide that can be either purine or pyrimidine, yielding 16 unique letters and eight nucleotides. Owing to time and space considerations, we will consider a maximum of only eight letters. Alphabets with an odd number of bases are not considered as this requires two different bases to compete for a complementary site during replication; the base with lower affinity would be lost after just a few generations. There are four energy-parameter options that RNAfold uses: the default (0) uses parameters for the canonical alphabet, otherwise it folds sequences generated by an artificial alphabet with (1) G : C, (2) A : U or (3) Proc. R. Soc. Lond. B (2003) alternating G : C and A : U energy-parameter assignments for the base pairs AB, CD, ….
Statistics were gathered from 1000 randomly generated sequences of fixed length N = 120 for all possible RNAfold energy-parameter selections (see figure 1) . The statistics shown are: P, the fraction of paired bases within the optimal structure; Q, the Shannon entropy of the base-pairing probability matrix ( p ij is calculated using the partition function; McCaskill 1990), defined by
and F (known locally as the Gardner uniqueness of folding function), that is the Frobenius norm of the base-pairing probability matrix, defined by
Q is intended to be a measure of how well defined the predicted secondary structure is-a high Q value indicates uncertainty in the structure assignment, with many alternative structures near to optimal, whereas a low Q value indicates a well-defined assignment. Note from the melting curves for Q that, as the temperature increases Q also initially increases until a threshold is reached when the number of valid structures starts to decrease until the only possible assignment is the completely unfolded structure (see Schultes et al. (1999) for further discussion). Unlike the Shannon entropy, F will distinguish between a 'wellfolded' stable secondary structure and a completely unfolded molecule. From figure 1 we see that base pairing (P ) decreases as the alphabet size increases. For example, the canonical alphabet has an average fraction of paired bases of 0.54 whereas the maximums for the six-and eight-letter alphabets were 0.43 and 0.34, respectively. This can be explained by the fact that there is a higher probability of any given base matching its complement with a smaller alphabet. Similarly, the measure of disorder, Q , is lower indicating a lower degree of structural uncertainty with increasing alphabet size.
Comparing the canonical alphabet and the ABCD alphabet with RNAfold energy parameter 3 we observe that the canonical alphabet has more base pairing, owing to the additional G : U pair that is allowed in the canonical system. As a consequence of this there is also more uncertainty (larger Q values) in the predicted structure.
Each statistic is sensitive to the energy-parameter selection to varying degrees, and is therefore also sensitive to the base composition, which we keep constant (on average). In particular note that a regime containing solely A : U pairing clearly has insufficient pairing potential to maintain RNA secondary structures (from random sequences) of any complexity. From this we note that any pairing regime must contain at least one pair of G : C type to be viable.
Earlier work in this area has shown that a four-letter alphabet would have been a significant improvement upon a two-letter alphabet (Fontana et al. 1993; Schuster 1993; Grü ner et al. 1996) . Although ribozymes generated from two-letter alphabets have proven to be adequate enzymes 
(c) ( f ) Figure 1 . Average RNA secondary structure statistics from 1000 randomly generated sequences with respect to alphabet size (a-c) and melting curves (d-f ). The sequence length is fixed to 120 nucleotides and the temperature is 37°C (a-c). (a-c) The solid line connecting the diamonds corresponds to all base-pairs assigned an energy value equivalent to a G : C pair; the dashed line connecting the crosses used only A : U energy parameters. Asterisks, those artificial alphabets where a mixture of energy parameters was used; open circles, the canonical (AUCG) alphabet. (d-f ) Crosses, points corresponding to the 2-letter alphabets AU (dotted line) and CG (solid line); open circles, the canonical alphabet; plus signs, the 4-letter alphabet with mixed energy parameters (no G : U base pairs); diamonds, the 6-letter alphabet with mixed energy parameters; squares, the 8-letter alphabet with mixed energy parameters. (Reader & Joyce 2002) , the results presented here show that the differences in the statistics between the two-and four-letter alphabets are marked, but the differences between the four-and six-letter alphabets are considerably less so. This suggests that a two-letter alphabet (if one ever existed) would have been rapidly outcompeted by a four-letter one. But does the same argument hold for the four-versus six-letter situation?
EVOLVING RNA IN SILICO
Having described some statistical properties of random sequences we now consider the impact of alphabet size on the ability of a population of sequences to evolve towards a predefined target structure. We compare the ways in which various non-canonical RNA systems evolve through a fitness landscape. To achieve this we constructed a modified 'flow reactor'. This is a stochastic discrete-time model, with capacity limited to a fixed number of sequences (Fontana & Schuster 1998 ). This system models SELEX laboratory experiments, where the goal is to Proc. R. Soc. Lond. B (2003) artificially evolve RNA aptamers binding specifically to another molecule (Tuerk & Gold 1990) . For SELEX experiments the final shape(s) is generally unknown; however, since it is difficult to infer computationally how well an RNA will bind to another molecule, a target structure is defined in advance. Then the probability of survival to the next generation is made a function of the distance to the target.
At generation zero the flow reactor is filled with a pool of randomly generated sequences; successive rounds of amplification with replication error, followed by selection, are used to generate 'evolved' sequences with a corresponding shape that is near some target structure (see figure 2a) . The probability of selection is a function of the fitness (W ), which is dependent upon the distance between the secondary structures of the individual (S i ) and the target (S target ). As a distance measure we use the base-pair metric (d BP (S target , S i )), which is a count of the base pairs that two secondary structures (S target , S i ) of equal length do not have in common (see Moulton et al. (2000b) for a technical description). When compared with alternative metrics such as the hamming distance and mountain metric (Moulton et al. 2000b ) the base-pair metric showed better discrimination between phenotypes within the evolving population. The metric is scaled to take values bounded by 0 and 1, with 1 being a perfect match to the target structure and 0 being a structure with no base pairs in common with the optimal structure:
The selected target, the clover leaf (see figure 2b) , contained no tetra-loops (which may confer an advantage to the canonical alphabet of Antao & Tinoco (1992) ), had a reasonable degree of 'structural complexity' (which would be important for function in the RNA world) and displayed many of the characteristics of a modern ribozyme. Our preliminary studies showed that the empirical behaviour of the flow reactor is largely independent of the energy parameter used (data not shown); this is in contrast to the data in § 2. For all the following experiments we use alternating A : U and C : G energy parameters for the artificial alphabets. Fontana & Schuster (1998) note that the evolution of this system progresses in leaps towards the target structure, interspersed with periods of no apparent adaptive progress, during which neutral mutations are accrued before the next adaptive step. Here, we are more interested in how possible non-canonical RNA alphabets might perform against each other in an RNA world, so we average over many runs to eliminate the noisy effects of the adaptive leaps.
The function that infers a secondary structure is computationally intensive (O(N  3 ) , where N is the sequence length), and is called many times. To ensure that the computations were completed in a timely fashion we constructed an implementation of the flow reactor that ran on 10 nodes of an Intel-based Beowulf Cluster (code available upon request).
COMPUTATIONAL RESULTS
We define the population fitness (W (i )) as the modal fitness of all the individuals in a population at generation Proc. R. Soc. Lond. B (2003) i. Figure 3a was generated by taking the mean W (i ) of 100 runs of the flow reactor for the two-, four-, six-and eight-letter alphabets. The flow reactor was run for 1000 generations and the probability of mutation at each site during replication was 0.01. Inset is a plot of the mean population fitness at generation 1000 as a function of alphabet size showing an optima for the canonical alphabet for this particular parameter set.
The data in figure 3b were generated by collecting the mean population fitnesses at generation 1000 for mutation rates ranging from 0 to 0.01. Observe that the four-letter alphabets outperformed the alternatives for high mutation rates. But, as the mutation rate decreases, first the fourletter (ABCD) alphabet then the six-letter alphabet outperform the canonical alphabet. In an RNA world it is unlikely that the mutation rate was low, therefore we can conclude that in this world the canonical RNA alphabet was indeed superior to the alternatives considered here. Only when the copy fidelity increased were the four-letter alphabets outperformed by the six-letter alphabets, which is in agreement with the results of Szathmáry (1992) . But, by comparing the canonical and non-canonical alphabets where the only difference is that wobble (G : U) base pairs are allowed, we can conclude that allowing wobble pairing for the six-letter alphabet will reduce the advantage of a six-letter alphabet over a four-letter alphabet.
DISCUSSION
We have presented a novel approach to investigating the optimal alphabet size in the RNA world. We know that the six-and eight-letter alphabets can cover just as much (if not more) of shape space as the canonical (AUCG) and non-canonical (ABCD) four-letter alphabets, but it would seem from our simulations that the paths from random shapes to our target through sequence space are shorter for the four-letter regimes when the copy fidelity is relatively low. Otherwise the peak shifts to the six-letter alphabet. Although this effect may not be as significant as shown here, owing to the fact that we use the base-pair metric, which penalizes extraneous base pairs, from figure 1 we observe that the four-letter alphabet generally has more base pairs than the larger alphabet sizes. Thus, we conclude that the canonical alphabet was very likely to have been optimal in the RNA world but could indeed be outcompeted (as Szathmáry (1991 Szathmáry ( , 1992 ) has already suggested) by an alternative six-letter system under a high copy fidelity regimen (although the effects of wobble pairing have not been taken into account here). In addition, copy fidelity decreases with increasing alphabet size (Szathmáry 1992; Mac Dó naill 2002) so it is more realistic to compare high-fidelity two-and four-letter alphabet fitnesses with low-fidelity six-and eight-letter alphabet fitnesses. This would have the effect of increasing the fidelity range where a four-letter alphabet outcompetes a sixletter alphabet.
Ribozymes are usually much larger and more complex than the structure that we use as a target in the flow reactor. Using a more complex structure as the target will improve discrimination between the alphabets. However, experiments to study larger structures will take longer to compute owing to the complexity of the RNA-folding algorithm. Figure 3 . (a) Evolving towards a target structure. Results were gathered from the flow reactor (see § 4) for two-, four-, sixand eight-letter artificial genetic alphabets and the canonical AUCG alphabet. The probability of mutation is 0.009 and the population size is maintained at 100. The inset is a plot of the alphabet fitness, which is defined to be mean population fitness at generation 1000 as a function of alphabet size. (b) The mean population fitness at generation 1000 as a function of the probability of mutation per site. The results are for two-, four-, six-and eight-letter artificial alphabets (represented by crosses, addition signs, diamonds and squares, respectively) and the canonical AUCG alphabet (circles).
These experiments do not, however, take into account the additional metabolic cost of using longer alphabets. But if we observe four-and six-letter alphabets performing in an almost indistinguishable manner then one can argue that four is optimal owing to the added difficulty of synthesizing an additional base pair (although ribozymes may have been more specific). For the larger 10-16-letter alphabets not included in this study the general trend is an asymptotic approach to a low fitness (data not shown). Additionally, the amount of base pairing with larger alphabets decreases to negligible levels, although the effects of hydrophobic interactions between bases may alter these conclusions (Wu et al. 2000) .
